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Role of ornithine decarboxylase for proliferation of mesangial cells in
culture. To elucidate the role of polyamine metabolism in the regulation
of mesangial cell growth, we examined the involvement of ornithine
decarboxylase (ODC), the rate limiting enzyme for polyamine synthe-
sis, in the mitogenesis of cultured rat mesangial cells (MCs). Resting
MCs, stimulated with fetal calf serum (FCS 10%), showed an induction
of ODC activity from undetectable values in resting cells to = 5035
nmol C02/lO'° cells hr (range 3157 to 7154, N = 5), which is 25-fold
above the detection limit. We found a single peak of ODC activity eight
to ten hours after stimulation, declining to 22 to 34% of peak levels after
24 hours. 3H-thymidine (TdR) uptake, an S-phase marker of MC
replication, peaked at 24 hours, reaching 10.7-fold values of resting
MCs. ODC mRNA levels were low in resting cells. After serum
stimulation there was a two- to 10-fold increase in ODC mRNA with a
maximum after six hours. ODC activity with similar kinetics but lower
peak levels was also induced by incubating MCs with mitogens, such as
platelet-derived growth factor (PDGF-AB 20 ng/ml), arginine vasopres-
sin (AVP 10 M), phorbol myristate acetate (PMA 1O M), interleukin
la and /3 (IL-la 10 U/ml, IL-1/3 10 U/ml). In the presence of a-difluo-
romethylornithine (DFMO), an enzyme-activated irreversible inhibitor
of ODC, the growth rate of MCs, assessed by cell counts and by
3H-TdR uptake, was markedly reduced by 62 to 100%. This antiprolif-
erative effect of DFMO could be reversed by addition of putrescine, the
reaction product of ODC. The inhibition of ODC resulted in a compen-
satory increase of ODC mRNA. These results demonstrate that the
activity of ODC and the availability of polyamines play a significant role
in the regulation of MC proliferation in culture.
Proliferation of glomerular mesangial cells (MCs) is a crucial
event during the initial phase in many forms of glomerulone-
phritis [1]. In recent years, much effort has been made to
analyze the mechanisms leading to MC mitogenesis and hyper-
plasia.
Increased generation of polyamines and elevated activities of
their synthesizing enzymes have been shown to be associated
with proliferation in many cell types [2]. Although the molecu-
lar mechanisms of the cellular effects of polyamines remain
unknown, they are considered to be necessary for a multitude
of functions, such as synthesis and stability of DNA, translation
of proteins, stabilization of membranes and, to a lesser extent,
stability and synthesis of RNA 12, 3]. ODC is rate limiting for de
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novo synthesis of polyamines by catalyzing the decarboxylation
of ornithine to putrescine, the initial reaction of the polyamine
synthetic pathway [3]. In subsequent reactions, the polyamines
spermidine and spermine are formed [31. ODC is a highly
regulated enzyme [2]. The regulatory mechanisms described in
a variety of cells occur at several levels: accumulation of ODC
mRNA [4] by increased transcription and/or changed mRNA
stability, changes in rates of synthesis [5] and degradation [6],
post-translational modifications [7] and binding of macromolec-
ular inhibitors [8, 9]. Induction of ODC and the subsequent
increase of cellular polyamine content have been shown to
occur in many types of activation and commitment of cells to
proliferation, such as activation of thymocytes [10, 11], T
lymphocytes [121, and macrophages [13], tumor cell prolifera-
tion [3], liver cell regeneration [14], embryogenesis [15], intes-
tinal mucosal maturation and recovery [16].
In the kidney, induction of ODC and increase of polyamine
concentration have been described in animal models of com-
pensatory renal hypertrophy [17] and streptozotocin induced
diabetes [18], after androgen administration [19], and after high
protein diet feeding [201. In the models of renal hypertrophy
increase of ODC activity precedes development of renal
changes. The involvement of ODC and polyamines in the
process of mesangial cell proliferation has not yet been exam-
ined. In the present cell culture study, we addressed the
following questions: a) What are the kinetics of ODC activation
during MC replication? b) What are the changes in gene
expression of ODC during MC proliferation? c) Is the gene
expression of ODC regulated by the intracellular polyamine
level? d) Is the activation of ODC required for mesangial cell
replication?
Methods
Materials
3H-thymidine, 3H-uridine, 1-'4C-ornithine and 32P-dCTP
were purchased from Amersham Buchier (Braunschweig, Ger-
many). RPM! 1640 was from Biochrom (Berlin, Germany), fetal
calf serum from Boehringer (Mannheim, Germany), bovine
insulin from Sigma (Deisenhofen, Germany) and all plastic
articles from Becton Dickinson (Heidelberg, Germany). DL-a-
DFMO was a gift of Dr. P.S. Mamont, Merrell Dow Research
Institute (Strasbourg, France). Platelet derived growth factor,
AB heterodimer (PDGF-AB) was obtained from Collaborative
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Research (Bedford, Massachusetts, USA), arginine vasopressin
(AVP) and phorbol myristate acetate (PMA) from Sigma and
interleukin la and f3 (IL-la, IL-1f3) from Boehringer.
Cell culture
Rat mesangial cells were isolated and cultured as described
[21]. Briefly, kidneys were excised from male Sprague-Dawley
rats (150 to 200 g), the cortex was separated from the medulla
and homogenized with razor blades. Glomeruli were isolated
from the homogenate by sequential sieving and collected on a
75 m sieve. After treatment with collagenase 500 U/ml (Sigma
type IV) in PBS for 30 minutes at 37°C, glomerular remnants
consisting predominantly of endothelial and mesangial cells
were seeded in tissue culture flasks (30,000/flask) containing
RPMI 1640 supplemented with FCS 20%, bovine insulin 5
g/ml, penicillin 100 U/mi and streptomycin 100 g/ml. After
three to four passages using trypsin 0.05%/EDTA 0.02%, ho-
mogenous cultures of MCs were obtained. Cells showed typical
smooth muscle cell-like morphology and uniformly exhibited
positive immunocytochemical staining for Thy 1.1, smooth
muscle cell actin and myosin. Presence of macrophages, endo-
thelial and epithelial cells was excluded by negative staining
with anti-macrophage antibody ED-i (Serotec, Kidlington,
UK), anti-factor VIII (Dako, Hamburg, Germany) and anti-
cytokeratin (Boehringer) [211. The cells were used for experi-
ments between passage 4 and 20.
Measurement of ODC enzyme activity
Activity of ODC was quantitated by measuring '4C02, liber-
ated from 1-'4C-rnithine by the method described by Fidelius,
Loughter and Twoney [22], but as modified by Dr. C. Schem-
mer-Heussen, University of Cape Town, South Africa (person-
al communication). MCs were seeded in 24 well plates, grown
to confluency and growth arrested for three to five days in
RPMI 1640/0.5% FCS. At given time points after addition of a
test substance, MCs were washed twice with PBS and 200
p1/well ODC buffer (50 msi Na2HPO4, 0.1 mrvi EDTA, 5 mM
NaF, 0.2 mi pyridoxalphosphate, 2.5 mM dithioerithrol and
0.1% Triton X 100) was added. After the reaction was started by
addition of 40 p1 [i-'4C]-ornithine (specific activity: 6 x 106 dpm
x moi 1) the microplate was covered with a Ba(OH)2-soaked
filter paper and sealed with a rubber septum. The plate was
shaken gently for three hours, after which the reaction was
stopped by injecting 200 p1 1 M citric acid through the rubber
septum to release all CO2. After another 30 minutes, incubation
filters with trapped CO2 were cut out and radioactivity was
counted in an LKB rack scintillation counter (LKB, Bromma,
Sweden). Results were expressed in nmol '4C02 per 1010 cells
per hour. All enzyme assays were run in duplicate.
Isolation and analysis of RNA
RNA was isolated from MCs by the guanidinium thiocyanate-
phenol-chloroform extraction method, as described by Chom-
czynski and Sacchi [23]. Ten micrograms of RNA per sample
were separated by agarose gel electrophoresis and stained with
ethidium bromide to control yield and quality of RNA isolate.
RNA was blotted onto a nylon membrane (Pall Biodyne A,
Dreieich, Germany) and baked for two hours at 80°C [241.
Northern blots were probed using 32P-labeled ODC cDNA. The
probe isolated from mouse kidney was provided by Dr. Jänne,
New York [25]. For hybridization, the insert was isolated and
labeled by random primer extension [26]. The filters were
prehybridized for two hours at 40°C in a solution containing
50% formamide, 5 x SSC (3 M NaCI, 0.3 M Na3 citrate, pH 7.0),
5 x Denhardt's solution, 0.1% SDS, 200 jig/mI sheared, dena-
tured salmon sperm DNA. The filters were then hybridized for
15 to 20 hours at 40°C in the same solution containing approx-
imately 5 x l0 cpm/ml 32P-labeled cDNA probe. After hybrid-
ization, membranes were washed twice with 2x SSC/0. 1% SDS
at 40°C for 15 minutes, and twice with 0.2 SSC/0.l% SDS at
40°C for 15 minutes. The filters were then air dried and
autoradiographed. As a reference, all filters were also hybrid-
ized with a 32P-labeled cDNA for 18 S ribosomal RNA, which
was isolated by Dr. I. Grummt, Martinsried, Germany [27]. The
size of the mRNA was estimated from ethidium bromide-
stained agarose gels by comparing with 18 S and 28 S rRNA (2.3
kb and 6.3 kb, respectively). Quantification of the bands was
performed by laser densitometry (LKB Laser Scan Densito-
meter). Changes in ODC mRNA levels were normalized against
the bands of control hybridization for 18 S ribosomal RNA.
Measurement of the synthesis of DNA and RNA
For measurement of DNA synthesis, MCs were pulsed with
3H-thymidine (2.5 jiCi/ml) in 96-well microplates for three or 24
hours, as indicated, washed twice, trypsinized and harvested
onto cellulose filters with an automated cell harvester (Cam-
bridge Technology Inc., Watertown, Massachusetts, USA).
RNA synthesis was estimated similarly by measuring incorpo-
ration of 3H-uridine (5 jiCilml) in MCs for one hour. Finally, the
filters were counted in an LKB rack scintillation counter. These
assays were performed in sixfold replicates.
Other methods
Lactate dehydrogenase (LDH) was measured as described
[28]. Putrescine, spermidine and spermine were measured after
separation by HPLC, using the method of Etter, Dietrich and
Battaglia [29].
Results
To study the time course of ODC activity during MC cell
cycle, we employed rat MC cultures, which were arrested in G0
phase by keeping them for three days in standard medium
containing 0.5% FCS. Subsequently, medium was supple-
mented to FCS 10% to induce entry into the cell cycle. ODC
activity was not detectable in resting cells (detection limit: 200
nmol C02/iO'° cells hr) and increased to maximum values nine
hours after stimulation (5 = 5035 nmol C02/iO'° cells hr,
range 3157 to 7154, N = 5, Fig. 1). Between 9 and 12 hours after
stimulation ODC activity decreased rapidly to 27% of peak
levels. From 12 to 48 hours there was only a slight decrease of
ODC activity. In this culture model, DNA synthesis of MCs
occurred at 21 to 24 hours after entry into the cell cycle, while
baseline 3H-TdR uptake rates were obtained during the first 12
hours (Fig. 1). Doubling of the cell number was reached by 48
hours (Fig. 1).
Similar kinetics, but lower peak levels of ODC activity, were
achieved by treatment of MCs with the mitogens PDGF-AB (20
ng/ml), AVP (i0 M), PMA (10 M), IL-la (10 U/mI) and
IL-l/3(lO U/mi) (Fig. 2). To further study the regulation of ODC
in MCs, we measured ODC mRNA levels in this system (Fig.
LII
Control FCS PDGF
10% 2Ong/ml
3). Cultured rat MCs expressed solely one ODC mRNA species
of about 2.2 kb, whereas in whole rat and mouse kidney two
forms of 2.0 to 2.4kb and 2.6 to 2.7kb have been reported [30].
Quiescent MCs always expressed low levels of ODC mRNA.
ODC mRNA levels peaked at six hours after entry into the cell
cycle, when the slope of the ODC enzyme activity curve was
steepest. As control, 18 S ribosomal RNA was constant during
the first six hours after stimulation (Fig. 3). The increase of
ODC mRNA was two- to 10-fold in different experiments and
preceded the increase of ODC enzyme activity (Fig. 1). Since
the two- to 10-fold increase of ODC mRNA did not correspond
to the more than 25-fold increase of ODC enzyme activity, we
suggest that ODC of MCs is regulated both at the transcriptional
and post-transcriptional level.
To elucidate the requirement of ODC for certain cellular
functions of MCs, we used the highly specific inhibitor of ODC,
a-difluoromethylornithine (DFMO). The specificity is based on
the ODC-catalyzed activation of the inhibitor, a so-called
"suicide inhibitor" [31]. In Figure 4, MCs were seeded in
96-well microplates at low density in growth medium containing
10% FCS with or without DFMO. DNA synthesis was mea-
sured every second day after a 24 hour pulse with 3H-TdR. As
shown in Figure 4, DNA synthesis in DFMO-treated cells was
the same as in control cells up to day 2 and subsequently
decreased to very low levels. Control MCs in medium contain-
ing 10% FCS exhibited maximal DNA synthesis on day 4 with
a decline afterwards (cells grew to confluency without re-
feeding). To exclude toxic and other non-specific effects of
DFMO, putrescine (200 p,M) was given to DFMO treated MCs
on days 0, 2, 4, 6, 8. In these wells, DNA synthesis of MCs was
reinitiated at normal rates without further additions.
Measurement of polyamines after two to eight days of treat-
ment of MCs with DFMO revealed an almost complete deple-
tion of putrescine and spermidine (<5%), whereas depletion of
spermine as only by 50% (data not shown). To exclude non-
specific effects, we showed that morphology, immunocyto-
chemical staining, LDH release and RNA synthesis were nor-
mal, even after prolonged treatment with DFMO (data not
shown).
When the number of MCs was determined in parallel to
3H-TdR incorporation, we found comparable effects of DFMO
on MC replication; MCs ceased to proliferate in the presence of
DFMO (Fig. 5). Reconstitution with putrescine in addition to
DFMO reversed this effect. Addition of putrescine to growth
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Fig. 1. ODC activity (—U •—) during cell cycle
progression of MCs. After growth arrest in G0 by
serum depletion (time point: 0 hr), MCs were
induced to enter cell cycle by addition of FCS 10%
to the medium. ODC activity was measured in
duplicates at different times after stimulation. Data
of one representative experiment (mean range) are
shown. 3H-TdR uptake over 3 hr (---D----LIII---) and
cell counts (.0 0.) in parallel MC cultures are
also illustrated.
Fig. 2. Induction of ODC in MCs by 9 hr
exposure to various mitogens. G0-arrested cells
were stimulated by FCS 10%, PDGF-AB 20 ng/
ml, AVP i0 M, PMA i0 M, IL-la 10 U/mI or
IL-1/3 10 U/mI. The mitogenic agents were added
in RPMI 1640/FCS 0.5%, which served as
control. The data (mean SD) of 2 to 5
experiments, each measured in duplicates, are
shown.
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Fig. 3. ODC mRNA during MC cell cycle progression. MCs were
stimulated by FCS 10% to enter cell cycle. Total RNA was isolated at
different times and subjected to Northern blot analysis (10 tg RNA per
lane). Specific hybridization by a 32P-labeled cDNA from mouse ODC
reveals a band of about 2.2 kb directly below the 18 S ribosomal RNA
band, which is at 2.3 kb (upper panel). As a control, this filter was also
hybridized with a 32P-labeled cDNA for 18 S ribosomal RNA bands
(lower panel). The intensity of the ODC mRNA bands was measured by
densitometry and normalized against the l8S ribosomal RNA bands. At
the maximum (6 hr), ODC mRNA increased tenfold over resting cells.
arrest cells as late as after four days restored replication of
MCs.
The effect of DFMO on MC replication was dose dependent,
as shown in Figure 6. Different dose-response curves were
found at three versus six days of MC growth inhibition. At day
3, 50% inhibition was achieved with 50 LM DFMO, which
corresponds to the K of 39 M for ODC inhibition [31]. By
contrast, 100 tM DFMO was required to induce 50% growth
inhibition of MCs when cells were counted on day 6. The
different curves suggest that mechanisms of adaptation to
DFMO treatment exist in MCs, as discussed below. All other
experiments were performed with 5 mit DFMO which showed
maximal growth inhibition.
In order to study the feedback of polyamine depletion on
ODC, we measured the effect of ODC inhibition on ODC
mRNA level. After five days of DFMO treatment when MCs
had stopped proliferating and ceased DNA synthesis, ODC
mRNA was increased 1.5 to twofold by Northern blot analysis,
whereas banding of 18 S ribosomal RNA was constant (Fig. 7).
Discussion
In this study, we examined the role of the rate limiting
enzyme for polyamine synthesis, ODC, in the mitogenesis of
cultured rat MCs. The main findings are as follows: (a) A strong
increase of ODC activity is induced during the G1 phase of
proliferating MCs after stimulation with FCS or other mitogens.
(b) This rise is preceded by an increase of ODC mRNA. (c)
Inhibition of ODC by the suicide inhibitor DFMO abolishes MC
proliferation. (d) This effect could be reversed by addition of the
polyamine putrescine to the medium. (e) With longer incubation
time, higher concentrations of DFMO are required for full
antimitogenic effect. (f) As an adaptation mechanism, ODC
mRNA increases after prolonged exposure of MCs to DFMO.
The induction of ODC in MCs can be assigned to the G1
phase, since no increase of DNA synthesis occurs during the
first 12 hours of the cell cycle (Fig. 1). In MCs, the required time
interval for maximal activation of ODC is relatively long (9 hr),
compared to other cell types, such as thymocytes (6 hr) [10, 11],
hepatocytes (4 hr) [32], Vero cells (5 hr) [33] or palate mesen-
chymal cells (6 hr) [34]. Furthermore, we observed only a single
peak of ODC induction, which is in agreement with most
authors, whereas abiphasic induction of ODC was described by
McCann et al in HTC cells [35]. In our system, we did not
detect a later increase of ODC activity, coinciding with the G1
phase of a second cell cycle. Since the ODC activity did not
return to the very low levels found in resting cells, but remained
at about 30% of peak ODC activity, the growth phases of the
MCs may rapidly become asynchronous after the first cell
cycle.
As a result of the ODC induction followed by DNA synthesis,
it was proposed that ODC or polyamines might directly induce
DNA synthesis. The following findings argue against this: (1) In
MCs, inhibition of ODC by DFMO at the beginning of a cell
cycle failed to inhibit DNA synthesis during this cell cycle (data
not shown). Moreover, inhibition of DNA synthesis did not
occur during the first two days of ODC inhibition by DFMO
(Fig. 4). (2) ODC could be induced in certain cell types by
stimuli, not leading to cell proliferation, for example, nerve
growth factor induces ODC and differentiation, but not replica-
tion of nerve cells [36], and androgens induce ODC and
hypertrophy in mouse kidney [37]. (3) Putrescine alone or other
polyamines are not able to induce MC proliferation in the
absence of growth factor (data not shown).
Taking all these data together, ODC activation appears to be
invariably associated with proliferation, but is not specific for
proliferation, since it occurs in situations like hypertrophy.
Furthermore, ODC and putrescine are critical for proliferation,
when the cells are depleted of putrescine, and at the same time,
growth factors, such as FCS, are present.
Considering these findings the question arises, how valuable
is ODC in estimating the proliferative state of a cell or tissue? In
our study all mitogens for MCs also induced ODC. The same is
true for the great number of studies performed in other cell
types. On the other hand, increase of ODC enzyme activity
might also be associated with other conditions such as differ-
entiation or hypertrophy [36, 37]. Other problems are the very
transient increase of ODC in proliferating cells and the great
instability of ODC. In tumor tissues, such studies were per-
formed with limited success [31.
The strong increase of ODC enzyme activity is, in part,
represented by a preceding increase of ODC mRNA, indicating
a regulation by enhanced accumulation of ODC message,
mediated by either an increased transcription rate, or by
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Fig. S. Effect of DFMO and putrescine on MC growth. MCs were
seeded in 24 well plates at low density. DFMO 5 mi alone, DFMO 5
mM/putrescine 200 M or none were added to growth medium. In
addition, MCs treated with DFMO alone were supplemented with
putrescine 4 days later. The cell number was estimated in duplicates on
days 0, 2, 4 and 6 and is illustrated as mean range. Symbols are:(• •) medium; (O----O) medium!DFMO day 0/putrescine day 0;
(LJ----D) medium/DFMO day 0/putrescine day 4; (U •) medium!
DFMO day 0.
decreased degradation of ODC mRNA molecules. In addition,
another regulatory mechanism may be acting at the transla-
tional or post-translational level. Similar mechanisms have been
described for regulation of ODC in other cells. Interestingly, we
found just one ODC mRNA species of about 2.2 kb in cultured
rat MCs, whereas in other rodent cells another ODC mRNA of
2.7 kb has been described [381. The significance of this finding
is not yet understood. Similar to ODC enzyme activity, ODC
mRNA is induced slowly in comparison to other cells, such as
mouse 3T3 fibroblast (2 to 3 hr) [39, 40]. For estimation of
proliferative activity of mesangial cells in tissue biopsies, mea-
surement of ODC mRNA by in situ hybridization might there-
fore also be valuable, but not as sensitive as measurement of
ODC enzyme protein.
Inhibition of ODC by DFMO results in a drastic reduction of
MC proliferation (Figs. 4, 5), as has been shown for other cells
[3]. There is a lag period of two days, until inhibition of DNA
synthesis by DFMO occurs (Fig. 4). We found that this was the
0.001 0.01 0.1 1
Concentration of DFMO, mM
Fig. 6. Dose-response relationship of DFMO-mediated MC growth
inhibition. After seeding MCs at low density, DFMO was added at
different concentrations (5 /LM to 10 mM). Cells were trypsinized and
counted on days 3 (I) and 6 (J). Growth inhibition rate (in %) was
estimated as follows: 100 — (cell number DFMO/cell number control x
100)
time period necessary for maximal depletion of polyamines in
MCs (data not shown). The growth inhibitory properties of
DFMO are especially remarkable when considering the very
low toxicity of this substance for cultured MCs. The specificity
of growth inhibition is clearly shown by its reversibility subse-
quent to reconstitution with putrescine even after four to eight
days. Since exogenous putrescine is rapidly taken up and, in
part, converted to spermidine and spermine, we cannot con-
clude that the growth inhibition is specifically due to depletion
of putrescine. The exact mechanism of growth inhibition in
polyamine depleted cells, and the specific effects of single
polyamines, are not entirely clear.
The important role of ODC is confirmed by the finding that
the ID50 of the growth inhibitory effect of DFMO corresponds
to the ID50 for the ODC inhibitory effect of DFMO (Fig. 6). It is
of interest, however, that with longer incubation times with
DFMO, higher concentrations are required for a full antimito-
genic effect. We conclude that some mechanisms of adaptation
to DFMO are acting, such as consumption of the inhibitor by
degradation of ODC-DFMO complexes, or upregulation of
100
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Fig. 4. Effect of DFMO and putrescine on 3H-
TdR uptake in MCs. Cells were grown in
medium containing 10% FCS supplemented
with DFMO 5 mri (I U), or DFMO 5 mM!
putrescine 200 M (O----O) or in the growth
medium alone (E:J—D). Different sets of cells
were supplemented with putrescine 200 M on
days 2, 4, 6 and 8 after growth arrest by DFMO
(O----O). DNA replication as measured by
incorporation of 3H-TdR for 24 hours in sixfold
replicates and is shown as mean SD.
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Fig. 7. Effect of DFMO on ODC mRNA level in MCs. Cells were
incubated and growth arrested by DFMO 5 mi in medium containing
10% FCS for 5 days. Untreated cells served as control. ODC mRNA
was detected by hybridization with labeled ODC cDNA (upper panel).
Control hybridization of the same membrane was performed with a
eDNA for 18 S ribosomal RNA (lower panel).
ODC [31. Our results show that adaptation by increase of ODC
mRNA does indeed occur in MCs (Fig. 7).
The strong inhibitory action of DFMO on proliferation of
cultured MCs might be relevant to future studies of potential
antimitogenic effects of DFMO in animal models of glomerulo-
nephritis similar to work showing beneficial results with the use
of DFMO in murine SLE [41].
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